It has recently been shown that the high-risk human papillomavirus (HPV) E6 proteins can target the PDZdomain containing proteins, Dlg, MUPP-1, MAGI-1 and hScrib for proteasome-mediated degradation. However, the E6 proteins from HPV-16 and HPV-18 (the two most common high-risk virus types) dier in their ability to target these proteins in a manner that correlates with their malignant potential. To investigate the underlying mechanisms for this, we have mutated HPV-16 and HPV-18 E6s to give each protein the other's PDZbinding motif. Analysis of these mutants shows that the greater ability of HPV-18 E6 to bind to these proteins and to target them for degradation is indeed due to a single amino acid dierence. Using a number of assays, we show that the E6 proteins interact speci®cally with only one of the ®ve PDZ domains of MAGI-1, and this is the ®rst interaction described for this particular PDZ domain. We also show that the guanylate kinase homology domain and the regions of MAGI-1 downstream of amino acid 733 are not required for the degradation of MAGI-1. Finally, in a series of comparative analyses, we show that the degradation of MAGI-1 occurs through a dierent mechanism from that used by the E6 protein to induce the degradation of Dlg and p53. Oncogene (2001) 20, 5431 ± 5439.
Introduction
The HPV-18 and HPV-16 E6 proteins have been shown to target a number of cellular proteins for ubiquitin-mediated degradation, including p53 (Schener et al., 1990; Huibregtse et al., 1991 Huibregtse et al., , 1993 , c-Myc (Gross-Mesilaty et al., 1998) and Bak Banks, 1998, 1999) . More recently, they have also been shown to target a number of the membrane-associated guanylate kinase (MAGUK) proteins, including Dlg (Kiyono et al., 1997; Lee et al., 1997; Gardiol et al., 1999; Pim et al., 2000) , hScrib (Nakagawa and Huibregtse, 2000) , and MAGI-1 , as well as a non-MAGUK, PDZ domaincontaining protein, MUPP-1 . The MAGUK proteins are characterized by having a large number of speci®c protein recognition domains, including WW or SH3 domains, a guanylate kinase (GuK) homology domain and several PDZ domains (Ponting and Phillips, 1995; Saras and Heldin, 1996; Kim, 1997; Kim et al., 1998) . Interestingly, the highrisk E6 proteins all appear to interact with their target MAGUKs via the PDZ domains (Kiyono et al., 1997; Lee et al., 1997 Lee et al., , 2000 Gardiol et al., 1999; Glaunsinger et al., 2000; Nakagawa and Huibregtse, 2000) . These domains are characterized by stretches of 80 ± 90 amino acids (Ponting and Phillips, 1995; Fanning and Anderson, 1999) , which bind with high anity to speci®c sequences (T/SXV) (Songyang et al., 1997) , usually found in the extreme carboxy termini of their target proteins. Such speci®c carboxy terminal sequences have been identi®ed in the Adenovirus 9 E4-ORF1 protein, the E6 proteins of high-risk HPV types and the HTLV-1 Tax protein (Lee et al., 1997) and, depending on the assay system used, contribute to viral transforming activity (Kiyono et al., 1997; Lee et al., 1997) . MAGUKs are localized at regions of cell-cell contact, such as tight junctions in epithelial cells and synaptic junctions in neurons, where they are believed to function as molecular scaolds in the formation of multi-molecular complexes via their protein-protein interacting domains (Gomperts, 1996; Mitic and Anderson, 1998; Craven and Bredt, 1998) . Although little is known about the function of many of these proteins, two of the E6 targets, Dlg and Scrib have been shown to be essential for the regulation of cell growth and polarity in Drosophila, leading to their being characterized as potential tumour suppressor proteins (Bilder et al., 2000) . MAGI-1 (membrane associated guanylate kinase with inverted domain structure) has also been shown to be localized at tight junctions of epithelial cells (Dobrosotskaya et al., 1997; Ide et al., 1999) . It is also found in complex with bcatenin (Dobrosotskaya and James, 2000) , deregulation of which is a hallmark of tumour progression in many dierent cancers (reviewed in Polakis, 1999) . The closely related MAGI-2 and MAGI-3 proteins, have also recently been shown also to be associated with the regulation of the PTEN tumour suppressor, a component of the PKB/Akt kinase regulation pathway (Wu et al., 2000a,b; Li et al., 1998; Downward, 1998; Stambolic et al., 1998) . In this case, both MAGI-2 and 3 were shown to be required for PTEN's activity in eciently down-regulating the PKB pathway, upregulation of which is associated with cell survival and proliferation Downward 1988 , for reviews). Therefore, the high risk HPV E6 proteins would appear to be intimately involved in deregulating a number of aspects of cell homeostasis related to the regulation of cell growth and polarity in response to cell contact.
In this study we have analysed in detail the interactions between the HPV-16 and HPV-18 E6 proteins and their MAGUK target proteins, MAGI-1 and Dlg. A mutational analysis of the PDZ-binding motif of HPV-16 and HPV-18 E6 showed that a single amino acid residue dierence (L/V) is sucient to have signi®cant eects upon the ability of E6 to bind to the MAGUKs. This change largely accounts for the dierences between HPV-16 and HPV-18 E6s in their abilities to target MAGUKs for degradation. However, comparison of the E6-mediated degradation of p53, Dlg and MAGI-1, together with a mutational analysis of HPV-18 E6, provides strong evidence that E6 proteins use substantially dierent mechanisms to induce the degradation of each of these three protein targets.
In addition, we also demonstrate that, of the ®ve PDZ domains of MAGI-1, the HPV-18 E6 protein binds speci®cally only to PDZ domain 1, and that this binding is required for the induction of MAGI-1 degradation. This is the ®rst description of a speci®c interaction for this PDZ domain of MAGI-1 and indicates that the targeting of PDZ domains by HPV E6 proteins is also highly speci®c. The potential for design of speci®c antiviral compounds is clear.
Results

Comparison of the HPV-16 and HPV-18 E6 PDZ binding motifs
We had previously shown that HPV-18 E6 could target the Dlg tumour suppressor for degradation more eciently than HPV-16 E6. This activity appeared to be related to the higher anity with which HPV-18 E6 could interact with this PDZ domain-containing target protein (Gardiol et al., 1999; Pim et al., 2000) . Since HPV-18 E6 has a perfect consensus PDZ-binding motif, and HPV-16 E6 has a degenerate one, it seemed possible that dierences between the two HPV E6 proteins with respect to their ability to target PDZ domain containing targets might be due to this intertypic variation. To assess this possibility, we made mutations in the PDZbinding motifs of the HPV-18 and HPV-16 E6 proteins, such that each protein acquired the other's PDZ binding motif. The sequences of these domains swap mutants (18E6V158L and 16E6L151V) are shown in Figure 1 .
We then investigated the eects of these mutations upon the binding activities of the E6 proteins to Dlg. To do this, we performed GST pull-down assays using in vitro translated E6 proteins, together with either GST-Dlg or GST-NTDlg, which lacks the PDZ domains and is thus not a target for E6 binding (Lee et al., 1997; Gardiol et al., 1999) . The GST fusion proteins were extracted and bound to glutathioneagarose and a binding assay was performed as described previously (Pim et al., 2000) . The results can be seen in Figure 2 where it is clear that, as expected, HPV-18 E6 binds to GST-Dlg somewhat more strongly than HPV-16 E6 and neither E6 protein binds to GST-NTDlg. Most signi®cantly however, it is clear that the 18E6V158L mutant binds considerably less strongly than the wild type HPV-18 E6, whereas the 16E6L151V mutant binds much more strongly than the wild type HPV-16 E6 protein. These results demonstrate that the single amino acid dierence between the HPV-16 and HPV-18 E6 proteins in this binding motif has a profound eect upon the ability of these E6 proteins to bind to a MAGUK target.
In vitro degradation of E6 target proteins
Having shown that this single amino acid dierence in the PDZ binding motif of E6 has a signi®cant eect upon its binding to a PDZ domain-containing target, we then wished to know what eect it had upon the ability of E6 to degrade known target proteins. We therefore performed degradation assays using in vitro translated wild type and mutant E6 proteins together with in vitro translated MAGI-1, Dlg and p53. The results of these assays are shown in Figure 3 . The wild type HPV-18 E6 and HPV-16 E6 clearly induce the degradation of all three targets, with HPV-18 E6 being somewhat more eective than HPV-16 E6 in degrading Dlg and MAGI-1, and the reverse being true for p53, as might be expected from previous reports (Schener et al., 1990 Huibregtse et al., 1991 Huibregtse et al., , 1993 . However the PDZ binding domain swap mutants show two interesting characteristics: ®rst, 18E6V158L is severely reduced in its ability to induce the degradation of both MAGI-1 and Dlg, showing that wild type HPV-18E6's greater eectiveness in this assay correlates with its having a more eective PDZ binding motif. Secondly, and more interestingly, 16E6L151V is much more eective than either wild type HPV-16 or HPV-18 E6 in inducing the degradation of both MAGI-1 and Dlg. This correlates perfectly with the increased levels of 16E6L151V binding to Dlg seen in Figure 2 , and demonstrates that sequences outside the core ETQV/L PDZ binding domain of E6 contribute to its ability to bind PDZ domain-containing targets.
A ®nal, and perhaps most interesting, point of interest from this analysis is the comparative time taken for E6 to degrade its dierent target proteins. Thus, MAGI-1c and p53 are degraded with similar kinetics whereas Dlg is signi®cantly less susceptible to E6-induced degradation. This suggests that the degradation of Dlg and MAGI-1 by E6 most likely occurs through dierent mechanisms.
Affinity of HPV-18 E6 for its target proteins
It was possible that the dierences in susceptibility to E6-induced degradation seen in Figure 3 might be related to the anity of binding between the E6s and their targets. To investigate this possibility we performed in vitro binding assays with GST-18E6 fusion protein and in vitro translated MAGI-1, Dlg and p53 with a number of dierent detergents and at various concentrations of NaCl. The results are shown in Figure 4 . It is clear from Figure 4a that both MAGI-1 and Dlg bind to GST-18E6 with similar stabilities in the presence of 2% Nonidet P-40, 2% Tween and 2% Triton X-100. The binding of p53 to GST-18E6 appears to be similarly stable, except in the presence of 2% NP-40, which appears to signi®cantly reduce the level of binding.
When increasing concentrations of NaCl were used, as can be seen in Figure 4b , the binding of MAGI-1 and Dlg to GST-18E6 again appeared to be similar, with readily detectable levels of binding being retained in 2 M NaCl. In contrast, the binding of p53 is completely disrupted by 2 M NaCl. Thus the binding anities of MAGI-1 and Dlg to HPV-18 E6 appear to be similar, and the binding of p53 is somewhat more easily disrupted. It is noteworthy that these binding anities show no correlation with the susceptibility to E6-induced degradation seen in Figure 3 , where MAGI-1 and Dlg exhibit very dierent kinetics of degradation, yet have very similar binding anities.
Thus the dierences in the susceptibility of MAGI-1 and Dlg to HPV E6-induced degradation are not a re¯ection of dierences in the E6/MAGUK binding. It seems most probable that they re¯ect dierences in the exact mechanism of interaction of the E6 proteins and their substrates with the components of the degradation machinery.
Mutational analysis of MAGI-1
Having shown that a single amino acid dierence between the PDZ-binding motifs of HPV-16 E6 and HPV-18 E6 was responsible for the dierences in their strength of interaction with the MAGUKs, we turned our attention to the MAGI-1 protein. Previous studies have shown that the individual PDZ binding domains of MAGI proteins interact speci®cally with target proteins (Dobrosotskaya and James, 2000; Wu et al., 2000a,b; Patrie et al., 2001) . Therefore it was obviously of interest to determine whether the E6/MAGI-1 interaction was speci®c to one PDZ domain. To do this, a series of constructs was made, in which each of the MAGI-1 PDZ domains was individually fused to GST. To assess the binding of E6 to these regions, they Figure 3 In vitro degradation of E6 target proteins with the domain swap mutants. In vitro translated wild type and mutant E6 proteins were incubated with in vitro translated MAGI-1, DLG or p53. The MAGI-1 assay was incubated for 15 and 30 min, the p53 assay for 30 and 60 min, and the DLG assay for 1 and 2 h. In each case, the remaining target protein was detected by immunoprecipitation, followed by SDS ± PAGE and autoradiography were expressed in E. coli and, after puri®cation, were separated by SDS ± PAGE and blotted onto nitrocellulose membrane. This membrane was then probed with a radiolabelled HPV-18 E6 and analysed by autoradiography after extensive washing. It can be seen from the results shown in Figure 5a that HPV-18 E6 binds predominantly to GST-PDZ1. An equivalent assay was also performed using a mutant of HPV-18 E6 with a disrupted PDZ-binding motif (V158A), in this case no binding was seen (data not shown).
To assess the binding of the domain-swap mutants to MAGI-1 a GST pull-down assay was performed using in vitro translated HPV E6 proteins and GST-PDZ1 and GST-PDZ5 expressed in E. coli. The results can be seen in Figure 5b : the E6 proteins appear to bind strongly to GST-PDZ1 with qualitatively similar anities to their anities for GST-Dlg (as seen in Figure 2 ). However none of the E6 proteins binds strongly to GST-PDZ5, con®rming the speci®city of the interaction. This is particularly striking since the PDZ domains 1 and 5 of MAGI-1 share the greatest homology (Dobrosotskaya et al., 1997 ) and yet the binding seen here is substantially dierent.
In vitro degradation of MAGI-1 requires only a small portion of the protein in addition to PDZ domain 1
To determine whether PDZ domain 1 was required for the E6-induced degradation of MAGI-1, a series of deletion mutants was made, each lacking either one or two PDZ domains. For technical reasons these mutants were made in the MAGI-1b isoform. These mutants and HPV-18 E6 were translated in vitro, and an in vitro degradation assay was performed as before. It is clear from the results shown in Figure 6 that HPV-18 E6 can induce the degradation of each of the mutants, with the exception of the DPDZ1 mutant. A degradation assay using HPV-16 E6 gave precisely similar results (data not shown). Thus the binding of E6 to MAGI-1 occurs through the PDZ1 domain, and this binding is required for the induction of MAGI-1 degradation.
Having shown that the binding of E6 to the PDZ1 domain is essential for induction of MAGI-1 degradation, we were then interested in determining whether any other region of MAGI-1 was also required. We therefore constructed a truncation mutant of MAGI-1, which terminates at amino acid residue 773 and thus lacks the PDZ domains 3 ± 5; this was named NT-MAGI-1 and is shown schematically in Figure 7a . As before, an in vitro degradation assay was performed using full-length MAGI-1 as a positive control. It can be seen in Figure 7b that the NT-MAGI-1 is as susceptible to HPV-18 E6-induced degradation as the full-length MAGI-1.
The NT-MAGI-1 mutant was then further truncated, removing the amino terminal 293 amino acid residues (also shown in Figure 7a ). As can be seen from Figure 7c this mutant, called DGuK-NT-MAGI-1, is also similarly susceptible to HPV-18 E6-mediated degradation. These analyses indicate that, at most, only the region of the protein from amino acid residue 293 to 733 is required for the susceptibility to E6-induced degradation. Furthermore, they imply that the ubiquitin-protein ligase speci®c for the degradation must also bind to the N-terminal part of the MAGI-1 protein, but that neither the guanylate kinase homology domain (amino acid residues 142 ± 206) nor the PDZ domain 2 (amino acid residues 628 ± 701) is involved. This suggests that only the region between amino acid residues 293 and 627 is required.
Comparison of HPV-18 E6 mutants in the degradation of MAGI-1 and p53
Multiple regions of E6 are required for binding and inducing the degradation of p53, with regions in the carboxy terminal half being principally involved in p53 binding and regions in the amino terminal half being required for p53 degradation (Crook et al., 1991a; Mietz et al., 1992; Pim et al., 1994; Li and Cono, 1996; Gardiol and Banks, 1998 ). Previously, we had shown that E6-mediated degradation of Dlg was dierent from E6-mediated degradation of p53, based on a mutational analysis of the HPV-18 E6 protein, and on the ability of HPV-18 E6 to induce the degradation of Dlg in wheatgerm extract (Pim et al., 2000) . Therefore we used the same panel of HPV-18 E6 mutants (Pim et al., 1994; Gardiol and Banks, 1998) , shown in Figure 8a , to determine whether MAGI-1 degradation by E6 was also dierent from that of p53. In vitro degradation assays were performed using the dierent E6 mutants, and p53 and MAGI-1 were compared. The results are shown in Figure 8b . It is clear that, as we would expect, none of these mutants was capable of inducing the degradation of p53. It is also clear, however, that the m2 and, to a lesser extent, DNT mutants are capable of inducing the degradation of MAGI-1.
These results thus provide further evidence that the means by which E6 induces the degradation of p53 and MAGI-1 are completely dierent.
Discussion
A number of DNA tumour virus proteins have the ability to target certain cellular proteins and inactivate them. The best known interactions are those involving the tumour suppressor proteins p53 and pRb, which are targeted by, amongst others, Adenovirus, Simian virus 40 (SV40) and Human Papillomavirus (HPV) proteins. The fact that a diverse range of viruses all inactivate the same targets, albeit by dierent means, implies that these viruses have a common requirement to overcome certain obstacles to their replication and, further, that their doing so may predispose their host cells to oncogenic transformation. Recently, some members of the membrane-associated guanylate kinase (MAGUK) family have also been shown to be targets for the Adenovirus 9 E4-ORF1 and the E6 proteins of the oncogenic HPV types (Kiyono et al., 1997; Lee et al., 1997 Gardiol et al., 1999; Pim et al., 2000; Glaunsinger et al., 2000) .
In this study we have performed an extensive analysis of the interactions between the MAGI-1 scaolding protein and the E6 proteins of the oncogenic HPV types 16 and 18. We had previously a b Figure 5 GST-18E6 binds speci®cally to GST-PDZ domain 1 of MAGI-1. (a) GST fusion proteins were constructed, consisting of each individual PDZ domain of MAGI-1. They were puri®ed, separated by SDS ± PAGE and blotted onto nitrocellulose membrane, which was then probed with a puri®ed, radiolabelled GST-HPV18 E6 fusion protein. Bound radiolabelled protein was detected by autoradiography. (b) A GST pull-down assay was performed using GST-PDZ1 and GST-PDZ5 proteins, together with in vitro translated wild type HPV-18 and HPV-16 E6s, and the domain-swap mutants E6. The percentage of wt 18E6, V158L, wt 16E6, L151V loads retained were 14.3, 6.7, 10.8 and 22.1% respectively on GST-PDZ1, and 2.5, 2.4, 3.2 and 2.6% respectively on GST-PDZ5 Figure 6 In vitro degradation of MAGI-1 requires PDZ domain 1. The MAGI-1b PDZ deletion mutants were translated in vitro, and were then incubated at 308C for the time/minutes indicated, with or without HPV-18 E6. The remaining protein was detected by immunoprecipitation and autoradiography, as before shown that HPV-18 E6 was more eective than HPV-16 E6 in binding to Dlg and in inducing its degradation (Gardiol et al., 1999; Pim et al., 2000) . Here we show that the single amino acid dierence in the PDZ binding motif, ETQV/L, is solely responsible for the increased eectiveness of HPV-18 E6, and we also show that this appears to hold true in the case of another PDZ domain protein, MAGI-1.
The PDZ binding motif has been strictly de®ned and our results show that it is HPV-18E6's possession of a perfect motif that renders it more eective in the induction of Dlg and MAGI-1 degradation. However it is interesting that if this motif is transferred to HPV-16 E6, that protein becomes much more eective than wild type HPV-18 E6 in binding and inducing the degradation of these MAGUKs. In contrast, when the HPV-16 E6 binding motif is transferred to HPV-18 E6, then its ability to bind and degrade its MAGUK targets is almost completely abolished. These results highlight two important features of the E6-MAGUK interaction. First, HPV-18 E6 is the more ecient degrader of these proteins, largely due to its intrinsically stronger ability to bind, due to having a Valine rather than Leucine as the carboxy terminal residue. Secondly, that other residues, in addition to the core S/ TXV/L binding motif, also play a role in the E6-MAGUK interaction. It is interesting to speculate that speci®city may also be conferred, in part, by the run of basic Arginine residues immediately prior to the consensus PDZ binding motif. Studies are currently in progress to investigate this further.
There is mounting evidence that the degradation of MAGUK proteins by E6 is dierent from their degradation of p53. HPV-18 E6 can induce the degradation of Dlg in wheatgerm extract (Pim et al., 2000) , from which E6AP is absent (Huibregtse et al., 1991 (Huibregtse et al., , 1993 ; and low-risk HPV E6 proteins, which do not interact with E6-AP, can also degrade Dlg when provided with a PDZ-binding consensus sequence (Pim et al., 2000) . In addition, we have shown here that mutants of HPV-18 E6 that cannot induce the degradation of p53 (DNT and m2) are still able to induce the degradation of MAGI-1. This indicates that if E6AP is, in fact, involved in the degradation of MAGI-1, its mode of action must be dierent from that involved in p53 degradation. Similarly, we had previously reported that the DNT and m2 mutants also retain the ability to induce the degradation of Dlg. This might suggest that Dlg and MAGI-1 are degraded by E6 through similar mechanisms. However, a compelling argument against this is found in the contrast between the similarity of the MAGI-1 and Dlg binding anities on GST-18E6 and the very marked dierence in the kinetics of their E6-induced degradation. Thus, MAGI-1 is highly susceptible to E6-induced degradation, with complete clearance of the protein in 30 min. In contrast, complete clearance of Dlg requires at least 2 h.
Perhaps the most interesting ®nding in this study is that the binding of E6 to MAGI-1 occurs only through PDZ domain 1. Since this occurs despite the high levels of homology, both of PDZ domains (particularly PDZ1 and PDZ5 of MAGI-1), and of PDZ domainbinding motifs, it is particularly striking. This is the ®rst report of any speci®c binding to this MAGI-1 PDZ domain and is of great interest for several reasons: it might even be possible to determine what class of proteins normally interacts with this PDZ domain, by comparison with the E6 binding domain. This also raises the question of why this particular PDZ domain is targeted by HPV E6. It is possible that MAGI-1 might be involved in some interactions particularly detrimental to viral replication when that particular PDZ domain is vacant. In addition to raising these intellectually interesting questions, this ®nding also raises the possibility of engineering chemotherapeutic agents speci®cally capable of preventing the interaction of high risk HPV E6 proteins with one of their cellular targets.
Members of the MAGI protein family have been shown to interact with the PTEN tumour suppressor (Wu et al., 2000a,b) . This phosphatase speci®cally dephosphorylates phosphatidylinositol 3,4,5 triphosphate (PtIns(3,4,5)P3) which, in turn, prevents activation of Protein B Kinase (Klippel et al., 1996; Franke et al., 1997) . Protein kinase B (PKB) is a major regulator of cellular growth and has been implicated, once activated, in a number of pathways leading to cell survival and proliferation Downward, 1998 , for reviews). The interaction of MAGI family proteins with PTEN appears to be crucial for their activity in this system and thus for PTEN's tumour suppressor activities (Wu et al., 2000a,b) . Thus, the intervention of HPV E6 proteins in directing the degradation of MAGI-1 would, in theory, tend to increase cell survival and proliferation, providing a suitable environment for viral DNA replication, but also increasing the likelihood of oncogenic transformation. Interestingly, one preliminary study detected PTEN mutations in the majority of endometrial carcinomas tested, but in none of the cervical carcinomas tested (Tashiro et al., 1997) ; this is suggestively similar to the case with p53, which is rarely mutated in cervical cancers and which is also a target for E6-induced degradation (Crook et al., 1991b; Schener et al., 1991) . In this context, our ®nding that the HPV E6 proteins interact speci®cally with only one of MAGI-1's ®ve PDZ domains leads to the encouraging possibility of devising inhibitors of the E6/MAGI-1 interaction that do not aect other PDZ domain interactions. These in turn might lead to the development of more speci®c and non-toxic chemotherapeutic agents.
Materials and methods
Plasmids
HPV-16 and HPV-18 E6 genes were cloned into pSP64, and have been described previously, as has the HPV-18 E6 mutant series (Pim et al., 1994; Gardiol and Banks, 1998) .
The domain swap mutants, HPV-18 E6 V158L and HPV-16 E6 L151V, were generated by oligo-directed PCR, cloned into pSP64 and veri®ed by sequencing using the Amersham Sequenase kit.
FLAG-tagged MAGI-1c was cloned into pCDNA-3, as described previously The pCDNA-3:Dlg construct, for in vitro translation, and the pGEX:Dlg and pGEX:NTDlg, for GST-fusion protein expression have been described previously (Gardiol et al., 1999) , as has the pSP64:p53 (Thomas et al., 1995) .
The NT-MAGI-1 expressing plasmid was constructed as follows: pGWI:HA-MAGI-1 was digested with HindIII and ApaI and the resulting fragment was ligated into pCDNA-3. The DGuK-NT-MAGI-1 expressing plasmid was constructed by oligo-directed PCR mutagenesis of the NT-MAGI-1 expressing plasmid and the resulting fragment was cloned into the HindIII and ApaI sites of pCDNA-3. When expressed in vitro this gives a protein consisting of the aa 293 ± 733 of MAGI-1.
The MAGI-1b PDZ deletion mutants were cloned into the HindIII/EcoRI sites of pCDNA-3 with FLAG tags at their amino termini, and they contain the following deletions: DPDZ1 lacks nucleotides 2284 ± 2571 (aa 454 ± 582); DPDZ2 lacks nucleotides 2800 ± 3030 (aa 628 ± 701); DPDZ3 lacks nucleotides 3313 ± 3549 (aa 796 ± 875); DPDZ4 lacks nucleotides 3784 ± 4003 (aa 953 ± 1026); DPDZ5 lacks nucleotides 4054 ± 4272 (aa 1003 ± 1076); DPDZ3,4 lacks nucleotides 3313 ± 3549 and 3784 ± 4003 (aa 796 ± 875 and 953 ± 1026); DPDZ3,5 lacks nucleotides 3313 ± 3549 and 4054 ± 4272 (aa 796 ± 875 and 1003 ± 1076).
GST-fusion protein pull-down assays
These were performed as described previously (Pim et al., 2000) . Brie¯y, overnight cultures of E. coli containing the plasmid of interest were passaged and, once in log phase, the expression of GST fusion protein was induced by adding b-D-isopropylthiogalactopyranoside (IPTG) to a ®nal concentration of 1 mM. After 3 h the cells were harvested, resuspended in PBS/1% Triton X-100 and lysed by sonication for 20 s. The cleared supernatant was incubated overnight with glutathione-agarose and washed extensively with PBS/1% Triton. SDS ± PAGE and Coomassie Blue staining were used to assess the eectiveness of the washing procedure and to balance the GST fusion protein inputs. Aliquots were incubated with equal concentrations of in vitro translated proteins at room temperature for 1 h. After extensive washing with PBS/ 1% Nonidet-P40, unless otherwise stated in the text, the retained proteins were visualized by SDS ± PAGE and autoradiography and phosphorimager analysis was used to obtain the percentage of load retained.
In vitro degradation assays
Proteins were translated using the Promega TNT coupled transcription translation system, and were radiolabelled with [ 35 S]Cysteine. A 1 ml aliquot of each translate was quantitated by SDS ± PAGE and phosphorimager analysis. Using the results of this quantitation, translated target proteins were mixed at a ratio of 1 : 5 with the relevant E6 protein and volumes were equalized using water-primed lysate. Reaction mixtures were incubated at 308C and aliquots taken at the relevant times. Typically, MAGI-1 degradation assays were incubated for 15 and 30 min, p53 degradation assays for 30 and 60 min and Dlg assays for 1 and 2 h. Remaining target protein was immunoprecipitated using 1801 monoclonal antibody (Banks et al., 1986 ) for p53; a polyclonal rabbit antibody raised against GST-NTDLG (Gardiol et al., 1999) for DLG; a polyclonal rabbit antibody raised against a GST-WW domain fusion protein for un-tagged MAGI-1 and for DGuK-NT-MAGI-1; a polyclonal goat anti-FLAG for tagged MAGI-1b (Santa Cruz), or a monoclonal anti-HA antibody (Boehringer Mannheim) for tagged NT-MAGI-1.
GST fusion protein blotting
Protein blotting assays and preparation of 32 P-labelled probes were performed as described previously . Brie¯y, equivalent amounts of MAGI-1 PDZ domain fusion proteins were separated by SDS ± PAGE and transferred to polyvinylidene di¯uoride membrane. Membranes were blocked for 1 h in TBST containing 5% milk, and incubated for 12 h at 48C with the 32 P-labelled GST-18E6 probe (5610 5 c.p.m./ml) in TBST. Membranes were then washed extensively in RIPA buer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% (vol/vol) Nonidet P-40, 0.5% (wt/vol) sodium deoxycholate, 0.1% (wt/vol) SDS) and developed by autoradiography Note added in proof A new ligand of the PDZ1 domain of MAGI-1 has recently ben identi®ed as mNET1 (Dobrosotskaya, 2001 . Biochem. Biophys. Res. Commun., 283, 969 ± 975).
